Abstract-Optical beam failure analysis methods provide unique capabilities to identify and localize defect types that would be difficult or impossible by other methods. By understanding the physics of signal generation, the user gains the insight necessary to optimize technique performance.
I. INTRODUCTION
Modern IC complexity resulting from reduced feature sizes, circuit density, and sophisticated electrical stimulus has made failure analysis and defect localization extremely difficult. Additionally, dense multi-level metallization and flip-chip packaging may leave only the backside of the IC available for interrogation. Laser-based methods provide some of the powerful tools analysts depend on to overcome these obstacles. This paper describes the signal generation physics and examples of using theses methods.
II. LASER/IC INTERACTION PHYSICS
Different light/semiconductor interactions depending upon the wavelength (λ) used for the light source are exploited for defect localization. Reflected light is used for imaging. Si is relatively transparent to infrared wavelengths >1000 nm so analysis through the backside is possible (Fig. 1) . The two main interactions used for analysis are local photocurrent or electron-hole pair generation and heat generation. Wavelengths less (or energies greater) than the indirect Si bandgap (<1100 nm) will produce both photocurrents and heating that can interact with device operation. Normally the photocurrent electrical effects dominate the local heating responses. λs > 1100 nm will not efficiently produce photocurrents in Si, but will generate local heating which becomes the dominate effect. Both effects are used to examine static and dynamic IC operation.
III. DEFECT LOCALIZATION EXAMPLES
Following are defect examples that highlight the differentiating strengths of a given technique. The last example section illustrates the power of combining multiple techniques.
A. Light-Induced Voltage Alteration (LIVA)
LIVA [1] image contrast is based on the changes in power demand from an IC while a photocurrent producing laser is scanned over the device. The non-random recombination of electron-hole pairs resulting from Si defects can significantly alter the power demands of an IC. In LIVA (as with all the -IVA techniques) the IC is biased with a constant current source with changes in the supply voltage used to make an image. The power demand changes are acquired using a simple ac-coupled amplifier. While sample dependent, the changes in voltage are normally easier to capture and generate a larger signal (100s of mV) than the current changes (100s of nAs) with a constant voltage supply.
The LIVA example in Fig. 2 shows an entire die, backside reflected light image and the LIVA signal in the lower right corner. Fig. 3 is a higher magnification reflected light/LIVA image pair. Subsequent deprocessing showed the defect due to an open metal to silicon contact. Note that the area is completely under the upper metal power bus and invisible to front side optical inspection. 
B. OBIRCH, TIVA, and SEI
OBIRCH (optical beam induced resistance change), TIVA (thermally-induced voltage alteration), and SEI (Seebeck Effect Imaging) are techniques that use local thermal gradients to localize defects with a 1340 nm laser [2, 3] . OBIRCH and TIVA localize shorts by changing the defect's resistance and hence its power demands when biased. OBIRCH identifies changes in IC current with a constant voltage supply and TIVA identifies changes in IC voltage using a constant current supply. The increased resistivity associated with local heating of a current carrying conductor produces a power demand reduction in an IC with a short defect. The change in power produces the image contrast.
SEI localizes floating conductors using the Seebeck Effect, which results in a long floating conductor possessing a voltage gradient when a thermal gradient is produced. Thermal osmosis of electrons, phonon drag, and differing work functions are the main generators of the Seebeck Effect [2] . The Seebeck Effect voltage gradients (very small, µV/C) will change the power demands of the IC and can be detected with constant current biasing.
Note that work function differences, such as at a metal to polysilicon contact, can also be seen in OBIRCH and TIVA if the change in power demand is not masked by the resistance change.
The TIVA example in Fig. 4 shows a shorted IC conductor with the TIVA signal highlighting the entire short path. A focused ion beam (FIB) cross section of the failure site show the shorting stress extrusion (Fig. 5) .
The SEI example in Fig. 6 is a backside image showing a floating conductor segment. Brighter and darker contrast is present at the metal/polysilicon contacts from the thermocouple effect at the different materials junction.
C. Soft Defect Localization (SDL) and Laser-assisted Device Alteration (LADA)
A new development trend is the combination of multiple techniques to produce a more powerful method. In SDL [4] , a device is dynamically exercised by continuously looping test vectors while looking for a change in the pass/fail condition as the surface is scanned with a 1340 nm laser. The change in the pass/fail condition with local heating produces the SDL image contrast. The image can localize a host of soft defects such as resistive interconnections, weak parallel and serial timing paths, and any other thermally sensitive defects. These "soft defects" have historically been extremely difficult to find. LADA is a similar method that uses photocurrent generation to activate and localize weak serial timing paths [5] .The SDL backside example in Fig. 7 shows a resistive interconnection site. As the laser scans over the site two mechanisms occur; the via's resistivity increases with temperature and the material in the via expands. The net result is that via resistance is lowered by the improved physical contact that decreases the resistance more than the increase in resisitivity with temperature. As a result the cycled vector set passes the test more frequently. The defect site was verified by a FIB cross section (Fig. 8) . Fig. 9 shows a parallel path race condition from the front side. Heating of the "strong" leg slowed it down enough so that the device passed. A higher magnification, combined SDL/reflected light image of the site is seen in Fig. 10 . The transistor highlighted slows to yield a passing condition. Fig. 11 indicates a weak link site in a serial timing path. Almost the entire die is visible in the backside image. Fig. 12 is a higher magnification view of the site. In Fig. 12 the site of interest has been isolated to a single transistor. 
IV. SPATIAL RESOLUTION IMPROVEMENTS
There have been significant improvements in the spatial resolution possible with backside infrared inspection of ICs by increasing the effective numerical aperture through SILs (solid immersion lenses). The NAIL (numerical aperture increasing lens) (Fig. 13) is a moveable Si hemisphere that has been demonstrated to generate better than 200 nm spatial resolution using a 1050 nm illumination source [6] . The particulars of the hemisphere depend on the Si doping and substrate thickness.
The quality of the NAIL's contact with the Si backside is critical to good image quality. To address the contact issue two non-movable SILs have been demonstrated that essentially are in perfect "contact" with the Si. The FOSSIL (forming substrate into solid immersion lens) is a hemisphere machined on the backside of the Si with a small lathe [7] . Another approach forms a diffractive or Fresnel lens on the Si backside using an FIB [8] . While not movable, both of these "machined" lenses have short vertical profiles on the order of microns and can be polished smooth and reformed. .
V. FUTURE TRENDS AND CONCLUSIONS
Quick defect localization and diagnosis during ramp up of a new process or product is essential for success. At the same time, increasing IC complexities have made failure and yield analysis more difficult. In some cases the ability to perform successful failure analysis may define the limits of a robust, reliable technology as well as economic survival. To meet these needs laser-based techniques will continue to develop by evolution and improvement of existing methodologies, by the combination of techniques for defect localization, and by the development of new analysis methods.
